Abstract NASA's GRAIL mission employed twin spacecraft in polar orbits around the Moon to measure the lunar gravity field at unprecedentedly high accuracy and resolution. The low spacecraft altitude in the extended mission enables the detection of small-scale surface or subsurface features. We analyzed these data for evidence of empty lava tubes beneath the lunar maria. We developed two methods, gradiometry and cross correlation, to isolate the target signal of long, narrow, sinuous mass deficits from a host of other features present in the GRAIL data. Here we report the discovery of several strong candidates that are either extensions of known lunar rilles, collocated with the recently discovered "skylight" caverns, or underlying otherwise unremarkable surfaces. Owing to the spacecraft polar orbits, our techniques are most sensitive to east-west trending near-surface structures and empty lava tubes with minimum widths of several kilometers, heights of hundreds of meters, and lengths of tens of kilometers.
Introduction
The twin Gravity Recovery and Interior Laboratory (GRAIL) spacecraft were launched in September 2011 as a Discovery-class NASA mission to study the gravitational field of the Moon [Zuber et al., 2013a [Zuber et al., , 2013b . Extremely accurate range-rate Doppler measurements between the two spacecraft in the Ka-band wavelength enable the determination of the Moon's gravity field at high resolution and accuracy. After a successful nominal phase, additional data collected during the extended mission have allowed the refinement of the gravity model and derivation of spherical harmonic solutions up to degree and order 900 [Konopliv et al., 2014; Lemoine et al., 2014] and 1500 [Park et al., 2015] .
Sinuous rilles (SRs) have been extensively studied since their discovery, yet the details of their formation are not fully understood [Hurwitz et al., 2013; Oberbeck et al., 1969; Oberbeck et al., 1972] . SRs are sinuous troughs with widths ranging from hundreds of meters to several kilometers, depths of tens to hundreds of meters, and lengths of tens to hundreds of kilometers [Hurwitz et al., 2013] . They occur exclusively in the lunar maria, which are now universally accepted as basaltic lava plains. SRs are thought to mark the locations of former channelized lava flows, in which the lava moved either through open channels or via subsurface tubes that eventually collapsed. Lava often continues to flow through a subsurface tube after its source cuts off, draining the tube and leaving an open cavern that, if its roof is strong enough, may remain long after the lava has cooled and the flow hardened [Cruikshank and Wood, 1971; Greeley, 1971] . The existence of such features on the Moon is supported by "skylights," vertical pits in the mare, that appear to be openings into empty subsurface lava tubes [Haruyama et al., 2009; Haruyama et al., 2010; Haruyama, 2012; Robinson et al., 2010; Robinson et al., 2012] . Such lava tubes and openings are found on Earth [Oberbeck et al., 1969] , although the largest examples are only a few tens of meters across. In addition to their importance for understanding the emplacement of the mare flood basalts, open lava tubes are of interest as possible astronaut habitation sites, safe from cosmic radiation, temperature extremes, and micrometeorite impacts [Haruyama, 2012; Angelis et al., 2002; Hörz, 1985] . Lava tubes may also offer access to lunar resources [Coombs and Hawke, 1992] .
Because lava tubes lie beneath the surface, structures that lack skylights cannot be detected by surface imagery or altimetry, although close association with known rilles, skylights, or rimless pits may add credibility to a potential candidate. Gravity, however, can theoretically detect density deficits below the Moon's surface. • Supporting Information S1
• Movie S1
• Movie S2
Correspondence to: L. Chappaz, loic.chappaz@gmail.com The difficulty is to discriminate the signatures of empty lava tubes from other features present in the GRAIL data, especially because the expected signals from large lava tubes are small (only a few milligal at an altitude of 10 km over a 1 km diameter empty lava tube, where 1 mGal = 10 À5 m/s 2 ). We developed two detection techniques (described in detail in section 2 and supporting information), gravity gradiometry [AndrewsHanna et al., 2013; Chappaz et al., 2014a; Chappaz et al., 2014b; Butler, 1984; Sharpton et al., 1987; Cordell, 1979] and cross correlation [Chappaz et al., 2014a [Chappaz et al., , 2014b ], that we combined into an automated algorithm to highlight the possible locations of empty lava tubes. In addition, we employed forward modeling of candidates to further support our interpretation and constrain the size of the features.
The GRAIL representation of the Moon's gravity field is a spherical harmonic expansion, currently reported to degree and order 1200. However, at this high resolution, the individual spacecraft tracks are visible as a marked north-south striping, which interferes with our ability to detect weak north-south trending linear or sinuous features and leads to a bias toward east-west trending features. We also applied various spectral filters (with appropriate tapers) to remove long-wavelength variations as well as "noise" at shorter spatial wavenumbers than our expected targets. To discriminate real but weak features from noise in the data, we created movies of each area we examined in which the effects of different tapers, truncations, and inversions were changed between frames and only features that persisted in all variations were accepted as potentially real.
We utilized two types of gravity data. The free-air anomaly (FA) is the gravitational potential directly measured by the relative accelerations of the two GRAIL spacecraft minus the average lunar gravitational acceleration. It therefore includes the effects of both subsurface density variations and topography. The Bouguer anomaly (BA) is calculated by assuming that topographic features have a nominal density (2560 kg/m 3 , the Moon's average crustal density) and then subtracting the gravitational contribution of the topography. We applied our gradiometry and cross-correlation techniques to both gravity fields. Because SR are mass deficits similar to empty lava tubes, but with known trough-like topography, they should appear in FA but not BA. Buried empty lava tubes, which lack a topographic expression, should appear in both FA and BA. We thus correlated FA and BA maps and accepted only those features that appeared in both.
Methods

Detection Strategies
The first method for investigating the existence of lava tubes relies on the numerical inspection of the lunar gravitational potential, computed from a set of spherical harmonics (SH) that is truncated and tapered to some predetermined degree and order to magnify the short-wavelength structures of interest and to reduce interference from other density anomalies. The gravitational potential and the acceleration of the Moon are computed globally, using the high degree and order gravity models derived from GRAIL data. The evaluation of such SH series can be computationally expensive and numerically challenging. Thus, the SH analyses are performed by using the freely available software archive SHTOOLS (shtools. ipgp.fr) that is specifically developed to complete such tasks efficiently and accurately. From any scalar field, a widely employed method for detecting or highlighting ridges or valleys within the field of interest involves the computation of the Hessian matrix, and consequently, the eigenvalues and eigenvectors that are associated with the Hessian matrix of the scalar field. The Hessian of the gravitational potential is defined as the matrix of second partial derivatives of the potential function with respect to the spherical coordinates of the position vector. In essence, the eigenvalue of largest magnitude and the corresponding eigenvector are associated with the direction of maximum gradient in the field. In this investigation, similar to the development of eigenvalue maps of Andrews-Hanna et al. [2013] , the magnitude of the largest eigenvalue for each point on a grid of the lunar surface is computed. Note that the average density assumed for the topography, and consistently for the Bouguer gravity model generation, is derived from GRAIL data and was determined to be 2560 kg/m 3 [Wieczorek et al., 2013] . This value is probably not equal to the actual density of the lava; in samples the density ranges between approximately 3090 and 3170 kg/m 3 [Kiefer et al., 2012a [Kiefer et al., , 2012b . While both surface and subsurface features are observed in free-air gravity, some surface features may mask weaker subsurface gravity anomalies. Assuming that the topography for a region of interest is well known, the Bouguer gravity represents the gravitational contribution of subsurface masses. Either the free-air potential or the Bouguer potential
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(corrected for topography and terrain) can be used in the analysis, depending on the objective. Note that a sinuous rille or an empty lava tube corresponds to a negative gravity anomaly that reflects the relative mass deficit associated with the feature. A negative gravity anomaly corresponds to a positive eigenvalue on the gradiometry map, as a consequence of the additional derivative of the potential function in the computation of the Hessian matrix.
A second strategy for detecting lava tubes in the gravity data relies on directly exploiting the spacecraft track data, that is the relative acceleration of the dual GRAIL spacecraft as they move in their respective orbits. Only the horizontal component of the relative acceleration is directly available from the measurements, in contrast to the radial (i.e., vertical) or lateral components. In an initial effort to develop such a technique, proxy track data are created from available SH models. Essentially, the horizontal gravitational acceleration is computed along fictitious north-south tracks from the spherical harmonics. The track data are subdivided into individual tracks that correspond to a longitude value and a range of latitudes. The resulting set of tracks, each track corresponding to a longitude value and spanning a latitude range, covers a patch of the lunar mare to be inspected for lava tube candidates. Also, note that the original alongtrack range-rate data include effects not due to lunar gravity (e.g., solar radiation pressure, Earth and Sun gravity, and spacecraft internal effects), whereas the spherical harmonic models are reduced to only describe the lunar gravity. Additional effects included in the original data are detrimental to the search for small-scale lunar features. The objective is then to identify the specific signature of a mass deficit within the generated track data. This task is accomplished by comparing the track data with a reference signal that represents the lava tube or sinuous rille. Our reference signal is a simple analytical expression that describes the acceleration anomaly experienced by a spacecraft along a flight path that is Figure 1 . Average map using (top) gradiometry and (bottom) cross-correlation techniques for (left) free-air (highlight surface and underground anomalies), (middle) Bouguer (only underground anomalies), and (right) bias free-air/Bouguer correlation (solely underground mass deficit anomalies) for Schröter Rille. The hot colors correspond to mass deficits (e.g., valleys and voids), while the cold colors are consistent with mass surplus (e.g., mounts).
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perpendicular to an infinitely long lava tube just below the surface; the tube is idealized as an empty horizontal cylinder. The horizontal acceleration component is calculated as
where x is the along-track distance from the feature, h is the spacecraft altitude, and θ = tan À 1 (x/h). Then, πR 2 ρ is the mass deficit associated with the tube of radius R, ρ denotes the density of the surrounding terrain, assumed constant, and G is the gravitational constant. These relations are employed to construct a reference signal for the structures that are to be detected (sinuous rilles or lava tubes). The horizontal acceleration signal exhibits a distinctive shape whose amplitude is typically a fraction of a milligal. The magnitude of this signal is well within the sensitivity of the GRAIL data, although note that even at the low mapping altitude of the Extended Mission, even multikilometer diameter lava tubes cannot be spatially resolved.
Using this reference signal for a long, linear mass deficit, we construct a cross correlation between the reference signal and the spacecraft acceleration signal to assess the existence of such a feature within the data. The cross correlation effectively acts as a matching filter, and the output of this comparison, the cross-correlation coefficient (CC), measures the similarity of the reference signal relative to the track data. The cross correlation also operates as a convolution operation; that is, as the reference signal sweeps along the track, the CC assesses the similarity of the two profiles for each relative position of the two signals. Hence, a large positive CC indicates a location along that track where the spacecraft acceleration profile closely resembles the reference signal. Ideally, if a signature similar to the reference signal is present in the track data, a peak should be observed in the cross correlation of amplitude larger than the background CC profile. However, the reference signal used in this analysis is only an approximation of the actual gravity anomaly for a sinuous rille or a lava tube. The CC is computed for any given track and is scaled to values between À1 and 1. Negative values of the CC correspond to anticorrelation between the reference signal and track data; that is, the track data resemble the inverse of the reference signal (corresponding to a mass excess). 
. Average map for Marius Hills skylight region using cross-correlation technique for (top left) free-air (highlight surface and underground anomalies) and (top right) Bouguer (only underground anomalies). (bottom left)
The correlation between the free-air and Bouguer, thus highlighting the mass deficit regions.
(bottom right) Local topography elevation. The hot colors on the gravity maps correspond to mass deficits (e.g., valleys and voids), while the cold colors are consistent with mass surplus (e.g., mounts). The red dot marks the location of the skylight.
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To address the challenge posed by the small size of the lava tubes, we exploit their approximately linear nature. Several tracks from a set of neighboring but discrete longitudes are included in the same simulation. Then, rather than inspecting the raw CC for each individual track, the CC is employed as a scalar field and mapped onto the corresponding tracks to produce a 2-D cylindrical map, similar to the gradiometry approach. Since the cross-correlation analysis is performed on a set of discrete neighboring tracks, the CC computed for each track is used to interpolate a smooth CC field over the region covered by the tracks, labeled cross-correlation map. Figure 3 . Average map using (top) gradiometry and (bottom) cross-correlation techniques for (left) free-air (highlight surface and underground anomalies), (middle) Bouguer (only underground anomalies), and (right) bias free-air/Bouguer correlation (solely underground mass deficit anomalies) for Rima Mairan. The hot colors correspond to mass deficits (e.g., valleys and voids), while the cold colors are consistent with mass surplus (e.g., mounts).
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Detection Algorithm Development and Validation
We developed a strategy to detect small-scale, subresolution, features on or beneath the lunar surface, exploiting gravity information derived from GRAIL. Clearly, some level of confidence in the validity of the detection scheme is necessary. The process is currently automated and conjointly exploits the gradiometry and cross-correlation strategies. This strategy addresses some of the challenges associated with the detection of these small-scale features. One consequence of evaluating the SH solution up to high degree and order, relative to the maximum degree and order of the field expansion, is numerical noise. This numerical artifact does not correspond to noise in the measured data but is a consequence of the numerical methods involved in the SH representation of the data. Further, for the gradiometry approach, the computation of the Hessian of the potential function and the corresponding eigenvalues also relies on numerical schemes that are subject to numerical errors. Thus, signatures on a gradiometry map or a cross-correlation map may or may not correspond to a physical feature on the Moon. Specific measures are adopted to increase the robustness of the detection.
For a given gravity model (free-air and Bouguer), the gravitational potential and the gravitational acceleration vector in spherical coordinates with respect to the Moon-fixed principal axis frame are computed globally by using SHTOOLS on a regular grid, at constant altitude. Additionally, the Hessian of the potential function and the eigenvalues are computed. From this computation, data that correspond to a region of interest are extracted to complete the cross-correlation analysis and produce cylindrical maps reflecting the largest eigenvalue and the cross-correlation coefficient. On the free-air map, both surface features (e.g., surface craters and sinuous rilles) and buried structures (e.g., buried craters or lava tubes) appear. In contrast, on a Bouguer map, only subsurface structures appear. Therefore, producing both free-air and Bouguer maps allows for the assessment of a potential feature as a surface expression or a buried structure. Further, a third map that depicts the correlation between the free-air and Bouguer maps for a given model is generated. In this analysis, the focus is the detection of empty buried lava tubes, which appear as mass deficits (negative gravity anomalies). To further highlight a correlation between signatures that corresponds to a mass deficit, any correlation between the free-air and Bouguer maps that corresponds to a negative for either the eigenvalue or cross-correlation maps is set to zero. Hence, positive signatures on the third correlation map depict locations where a signal consistent with a buried feature is observed.
To address the challenge posed by the small size of the lava tubes, numerous individual simulations are leveraged. The SH model contains gravity information across the entire spectrum of frequencies, or wavelengths: from the lowest degrees that correspond to the tidal deformation of the Moon to the maximum degree of the expansion that depicts the subtle changes in density or topography. To restrict the analysis to a domain that includes some features of interest, the SH expansion is truncated on the lowend to suppress the longer-wavelength signals that correspond to the largest features (tidal bulge, basins, large craters, etc.) and on the high-end where the SH may not be representative of the actual data because of numerical artifacts. However, simple direct truncation of undesired degrees and order can result in "ringing." To alleviate this effect, cosine tapers are applied. The initial gravity model is truncated and tapered to a range of degrees assumed to be reasonable and include the features of interest. Then, variations in the truncation on both ends of the field are employed to produce different SH solutions, yet all representative of the same data. The minimum degree and order for a given model considered in this analysis ranges from 75 to 100 with a taper over 5°degrees and orders, the maximum ranges from 600 to 700 with a 10 degree and order range taper. Such variations are applied to the gravity models produced by the GRAIL team of maximum degree and order 900 and 1080, both free-air and Bouguer. The Bouguer gravity models derived by the GRAIL team rely on the Lunar Orbiter Laser Altimeter topographic models. The computation described in the previous section is performed for each modified gravity model to produce the corresponding maps. Finally, the results are inspected either through a static or dynamic representation. A map averaged over all simulations is produced as well as an animation of each individual map. While some signals may vary from one map to the next due to numerical artifacts, the average map supplies a cleaner representation of the region of interest. Similarly, the animations (Movies S1 and S2 in the supporting information) emphasize signals that are persistent through the numerous simulations against signals that flicker and do not relate to physical features on the Moon.
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Results: Lava Tubes Candidates
One of our first targets was Schröter's Rille, a large SR on the Aristarchus Plateau. As shown in Figure 1 , the rille itself shows up clearly in FA but not in BA, as expected. However, all of our analyses suggest a large extension to the rille, most prominent in the correlated FA and BA maps to the right of the figure. We constructed a forward model of this extension (discussed in more details and shown in Figure S4 in the supporting information) in terms of a polyhedron mesh with an elliptic cross-section. Comparing linear profiles across the structure of interest, we found a best fit (across four perpendicular sections) of a density deficit of 2560 kg/m 3 , width of 3.75 km, height of 600 m, and length of~60 km. A parameter space exploration analysis (see the supporting information for figures showing the tradeoffs in the fit between density, width, and height) indicates that the fit rapidly deteriorates for density contrast inferior to approximately 2000 kg/m 3 regardless the depth considered. Overall, while there exists a narrow range of parameter centered on the reported tube figures that yield a similar good fit, the goodness of fit rapidly deteriorates when considering shape models with parameters that deviate from a model consistent with a lava tube. No terrestrial lava tube is such large. However, the combination of low gravity and high eruption rates on the Moon may have allowed formation of structurally stable caverns far larger than anything on Earth. Finite element analyses have also shown that arch-shaped lava tubes of this size may indeed be stable under lunar conditions [Blair, 2015] .
A second target is near a prominent lunar skylight in the Marius Hills region. The skylight is 65 m in diameter, 80-85 m deep; has a roof thickness of 20-25 m; and occurs in a shallow rille-like trough~400 m wide and 200-300 m deep (see Figure 2) . The gravity signature follows the rille, but the mass deficit is far larger than expected from the topographic trough alone, and implies a large cavern beneath the visible surface that extends about 60 km to the west of the skylight, where the cavern itself is approximately 30 km in length.
A third candidate, shown in Figure 3 , lies in the vicinity of two known sinuous rilles, specifically, south of Rima Sharp and west of Rima Mairan. This is our largest anomaly, extending in a possibly connected system about 6°of longitude (~180 km). Forward modeling (see the supporting information) suggests a cavern 3.5 km wide and 550 m high. In spite of the proximity of Rima Sharp, the mare in the area of this large mass deficit is otherwise unremarkable and contains no known skylights. We have located several other strong candidates for lava tubes (listed in Table 1) , as well as a number of possible candidates whose locations and outlines are illustrated in the supporting information.
To assess the robustness of an observed signal, rather than considering a single simulation, numerous computations are combined to produce an averaged map (see Figures 1-3) . Based on such considerations, while the techniques and strategies designed in this analysis allow extraction of lava tube signatures from the GRAIL gravity data set, only relatively large features are detectable. We were, for example, unable to detect known rilles in FA smaller than about 1 km wide and a few hundred meters deep, thus establishing a measure of our ability to discriminate sinuous mass deficits from background gravity variations.
Conclusions
The success of the NASA's GRAIL mission ensures that the highest resolution and most accurate gravity data for the Moon are now available. The low altitude at which some of these data were collected in the GRAIL extended mission potentially allows the detection of small-scale surface or subsurface features. The focus of this analysis is the specific task of detecting the potential presence and extent of empty lava tubes beneath the mare surface. In this investigation, tools are developed to best exploit the rich gravity data and advance the numerical detection of these small features. The discovery of several strong candidates that are either extensions of known lunar rilles, collocated with the recently discovered "skylight" caverns, or underlying otherwise unremarkable mare surfaces, is reported here. The identification of these features is supported by two independent strategies, one based on gradiometry techniques and a second that relies on crosscorrelation of individual tracks. In addition, forward modeling is leveraged to further validate the detections and to attempt to characterize the physical parameters of a feature.
